Introduction
[2] Methane is second only to carbon dioxide (CO 2 ) as a greenhouse gas and contributes approximately 15% to global warming [IPCC, 2002; Jang et al., 2006] , with a relative global warming potential 23 times that of CO 2 on a molar basis [IPCC, 2002] . The atmospheric concentration of CH 4 had increased 150(±25)% during the 20th century [Houghton et al., 2001] . The major sink for atmospheric CH 4 is its reaction with hydroxyl radicals (OH) in the troposphere [Crutzen, 1991; Schlesinger, 1997] . Forest soils are an important biological source or sink for atmospheric CH 4 [Castro et al., 1995; Smith et al., 2000; Jang et al., 2006] . A number of soil and environmental factors (e.g., pH values, soil temperature, soil moisture, N status, soil diffusivity, and forest land-use pattern), are considered to limit the consumption of atmospheric CH 4 by forest soils [Castro et al., 1995; Priemé and Christensen, 1997; Gulledge et al., 1997; Brumme and Borken, 1999; Davidson et al., 2004] . Among the various variables affecting the CH 4 oxidation rate, the effects of N deposition on this biological process have been increasingly concerned [Butterbach-Bahl et al., 1998; Jang et al., 2006] .
[3] Over the past century, N deposition (dryfall and rainfall) into terrestrial ecosystems had increased more than threefold, primarily due to anthropogenic activities related to energy production (predominantly fossil fuel consumption) and the production of artificial fertilizer [Galloway et al., 2004] . Increases in inorganic N (ammonium and nitrate) inputs to forest ecosystems have been shown to inhibit methanotrophic bacteria and enzymes involved in CH 4 oxidation [Butterbach-Bahl et al., 1998; Hütsch, 1998; Wang and Ineson, 2003; Xu and Inubushi, 2004; Jang et al., 2006] . Unexpectedly inhibitory effects on CH 4 uptakes have often been observed in forests experiencing high N deposition or treatment with N fertilizer to simulate N deposition [Mosier et al., 1991; King and Schnell, 1994; Schnell and King, 1994; Willison et al., 1996; Sitaula et al., 2001; Butterbach-Bahl et al., 2002; Wang and Ineson, 2003; Xu and Inubushi, 2004] . Not all studies support the observation that elevated atmospheric N deposition reduces forest soil CH 4 sink strength Bradford et al., 2001a] . At high CH 4 concentrations forest stands, adding N can stimulate soil CH 4 uptake [Bodelier and Laanbroek, 2004] . Thus studies assessing the potential of N deposition to affect soil CH 4 uptake must carefully take regional diversity into consideration. However, most of these studies have been carried out in temperate/boreal regions, where most forests are naturally N-limited [Matson et al., 2002] . In tropical regions, forests are more typically phosphorus (P) limited than N-limited, and the soils are often highly acidic, with low base cation concentrations [Hall and Matson, 2003] . The inhibitory effect of N deposition on soil CH 4 uptake as a result is hypothesized to be more significant in tropical forest than in temperate forest [Matson et al., 2002; Hall and Matson, 2003] , however more research is required to confirm this.
[4] Current N deposition rates in tropical forests of southern China are high and of the same order in magnitude as in North American and Europe, ranging from 15 to 73 kg N ha À1 a À1 [Holland et al., 1999; Ren et al., 2000; Zhou and Yan, 2001; Galloway et al., 2002; Mo et al., 2006; Chen and Mulder, 2007] . Nitrogen deposition in this region has been projected to continue increase in the coming decades, due to the rapid expansion of industrial and agricultural activities [Galloway et al., 2004; Mo et al., 2006 Mo et al., , 2007b Chen and Mulder, 2007] . In addition, most of these regional forests have been degraded by human activities for many hundreds of years [Wang et al., 1982; Mo et al., 2003] , with the remaining natural forest occupying an area of less than 9% of the total territory in China [Liu et al., 2000] . Over the last few decades, large areas have been reforested with a native species (Pinus massoniana Lamb) Mo et al., 2004] . Deforestation is usually prohibited, but harvesting of understory and litter is often allowed to satisfy local fuel needs Mo et al., 1995 Mo et al., , 2003 . The varying management practices within these reforested forests allow us to identify both disturbed forest (understory and litter harvesting are allowed) and rehabilitated forest (no understory and litter harvesting) [Mo et al., , 2007a . Although forest coverage in China is now 174.91 million hectares or 18.2% of the total territory [NDRCPRC, 2007] , to date there have been limited research aimed at studying atmospheric CH 4 oxidation in forest soils. Information regarding CH 4 oxidation in response to increased N deposition in forest soils of China is nonexistent. Studying CH 4 uptake in these forest soils in response to human alteration (especially N inputs and forest land-use change) is very important for estimating the contribution of tropical forest soils to the global CH 4 uptake budget and in predicting future uptake trends.
[5] Previously, we reported that the mature forest has been N saturated due to both long-term high N deposition in the region and ecosystem age, and that both the rehabilitated and disturbed forests are still N limited due to previous land-use history [Mo et al., , 2007b . In this study, we examined the effects of elevated N deposition on soil CH 4 uptake in a mature, a rehabilitated and a disturbed forest in tropical China. We hypothesized that N addition would change the soil N status and inhibit CH 4 uptake in these tropical forests. We also hypothesized that N addition would significantly decrease CH 4 uptake rate in the mature forest due to its high initial soil N status, and have relatively less effect on CH 4 uptake rate in the rehabilitated or disturbed forests due to their low soil N availability resulting from previous human disturbance.
Methods

Site Description
[6] The study was conducted in Dinghushan Biosphere Reserve (DHSBR). The reserve lies in the middle of Guangdong Province in southern China (112°10 0 E longitude and 23°10 0 N latitude) and occupies an area of approximately 1200 ha. We have established research sites in a mature (old-growth monsoon evergreen broadleaf) forest, a rehabilitated (mixed pine and broadleaf) forest, and a disturbed (pine) forest within 3 -4 km distance of each other. Both the disturbed and rehabilitated forests originated from a 1930s clear-cutting policy and subsequent pine plantation establishment [Mo et al., 2003 [Mo et al., , 2007a . The disturbed forest in contrast, underwent continuous human disturbances (generally the harvesting of understory and litter) from 1930s to 1998, with P. massoniana remaining as the predominant tree [Mo et al., , 2007a . Colonization from the natural dispersal of regional broadleaf species in rehabilitated forest has altered its plant community . Dominant species in the rehabilitated forest are Pinus massoniana Lamb, S. superba, C. chinensis, Craibiodendron kwangtungense S. Y. Hu, Lindera metcalfiana Allen, and Cryptocarya concinna in the tree layer . Conversely, the mature forest has been well protected from human impacts for more than 400 years Zhou et al., 2006] , and is a typical forest in tropical China [Wang et al., 1982; Mo et al., 2003; Zhou et al., 2006] . The major species in the mature forest are Castanopsis chinensis Hance, Schima superba Chardn. & Champ., Cryptocarya chinensis (Hance) Hemsl., Cryptocarya concinna Hance, Machilus chinensis (Champ. Ex Benth.) Hemsl., Syzygium rehderianum Merr. & Perry in the tree layer and Calamus rhabdicladus Burret, Ardisia quinquegona Bl., and Hemigramma decurrens (Hook.) Copel. in the understory layer .
[7] The reserve has a typical monsoon and humid tropical climate [Holdridge, 1967] . The mean annual temperature is 21.0°C, with an average coldest (January) and warmest (July) temperature of 12.6°C and 28.0°C, respectively. The mean annual rainfall of 1927 mm has a distinct seasonal pattern, with 75% of it falling from March to August and only 6% from December to February. Annual mean relative humidity is 80%. Precipitation and air temperature have a distinct seasonal pattern [Huang and Fan, 1982] . During the study period, precipitation and temperature (Figure 1c ) largely followed the long-term seasonal pattern. Nitrogen deposition in rainfall was 36-38 kg N ha À1 a À1 in 1990s [Huang et al., 1994; Zhou and Yan, 2001] , and 34 and 32 kg N ha À1 a À1 in 2004 and 2005 respectively, with roughly 1:1 NH 4 + to NO 3 À molar ratio [Fang et al., 2007] . [8] Soil in the preserve is predominantly lateritic red earth formed from sandstone (oxisols) with variable soil depths [Mo et al., 2003 . In the mature forest, the soil is deeper than 60 cm. In the rehabilitated forest, depth ranges from 30 to 60 cm, and in the disturbed forest the depth is generally less than 30 cm to bedrock . Soil in the mature forest has a higher total N, total C, and soil moisture content, but a lower pH value, C/N ratio, soil temperature, and soil bulk density than the disturbed and rehabilitated forests. The characteristics of the soils in the study sites are described in Table 1 .
Experimental Design
[9] Four N (NH 4 NO 3 ) addition treatment levels (three replicates) were established in the mature forest: Control (without N addition), Low-N (50 kg N ha À1 a À1 ), Medium-N (100 kg N ha À1 a
À1
), and High-N (150 kg N ha À1 a À1 ), but only three levels (three replicates) were established in both disturbed and rehabilitated forests (Control, Low-N, and Medium-N) . A total of 30 plots (20 Â 10 m) were established (12 in the mature, nine in the rehabilitated and nine in the disturbed forest), each surrounded by a 10-mwide buffer strip. Field plots and treatments were laid out randomly. Monthly NH 4 NO 3 application had been applied previously to the plots since July 2003 and continued during the CH 4 flux measurement period. Fertilizer (NH 4 NO 3 ) was weighed, dissolved within 20 L water, and applied to the plots using a backpack sprayer below the canopy. The Control plots received 20 L water without fertilizer addition .
Field Sampling and Measurements
[10] Soil CH 4 flux measurements were started 26 months after the initial experimental N applications in October 2005. Gas samples for CH 4 flux measurement were taken once a week from April to September and once every other week at other times using closed static chamber methodology and analyzed using gas chromatography. The static chamber was made of stainless-steel and consisted of two parts, an anchor ring (10 cm height Â 25 cm in diameter) and a removable chamber (35 cm height Â 25 cm diameter) [Ambus and Robertson, 2006] . A fan (8 cm diameter) was installed on the top wall of each chamber. Two anchors were installed at each plot in the mature forest, but only one at each plot in the rehabilitated and disturbed forests, therefore sample number is three for each N treatment. Anchors were installed at least one month before the first field campaign (15 August 2005). The anchor rings were inserted into the soil to 5 cm depth just below the litter layer and to avoid cutting fine roots. The removable cover chamber was placed on the anchor ring and made airtight during the sampling period using a rubber O-ring seal. Gas samples were collected using plastic syringe (100 ml) at 0, 10, 20, and 30 min after the chamber closure, and were analyzed in the laboratory within 24 h. Prior sampling showed that the decrease in CH 4 concentrations remained linear for up to 2 h following chamber closure. All the coefficients of determination (r 2 ) of the linear regression were greater than 0.96 (p < 0.01). Gas samples were collected during midmorning (9:00 -10:00, local time) on each sampling date. Diurnal studies have demonstrated that greenhouse gas fluxes measured during this time period are representative of the daily mean flux in nearby forests .
[11] A gas chromatograph (Agilent 4890D, Agilent Co. USA) with a flame ionization detector (FID), connected to an automatic sample-injection system was used for CH 4 analysis. The gas chromatography configuration and the method for calculating CH 4 flux were the same as described by . The oven, injector and detector temperatures were 55, 275, and 330°C, respectively. Nitrogen (99.999%, 30 ml min À1 ) and hydrogen (99.999%, 30 mL min À1 ) were used as the carrier and fuel gas, respectively. Dry-clean airflow rate was 60 mL min À1 . Calibration gas (CH 4 at 3.13 ppb; No. 71427) was obtained from the Institute of Atmospheric Physics, Chinese Academy of Sciences.
[12] CH 4 flux was calculated from a linear regression of chamber gas concentration versus time according to the following equation [IAEA, 1992] :
Where F is CH 4 flux (mg CH 4 -C m À2 h À1 ), negative value indicates CH 4 uptake by soil. r is the density of CH 4 under standard condition (calculated from the molar mixing ratio using the ideal gas law). h, A, and V are the height, the sampling area, and the volume of chamber, respectively. C t is the concentration of mixed volume ratio of gases inside chamber at t time. P is air pressure of the atmosphere in the plot, and T is air temperature of chamber headspace. T 0 and P 0 are temperature and air pressure under standard conditions, respectively.
[13] Soil temperature (5 cm) and moisture content (10 cm) were monitored at each chamber during gas sample collection. Soil temperature (°C) was measured using a digital thermometer (TES-1310, Ltd., China). Soil moisture content (% WFPS) was measured using an MPKit (ICT, Australia), as described in detail by Tang et al. [2006] . Microenvironmental factors, including air temperature of the chamber headspace, air temperature at 1.5 m above ground, as well as atmospheric pressure were measured simultaneously.
[14] Soil samples were collected in September 2005 and August 2006 using a standard soil probe (2.5 cm inside diameter). Four soil cores (10 cm depth) were collected randomly within each plot and mixed, resulting in three sample sizes for each N treatment. Soil moisture contents and pH values (0.01M KCl) were determined initially. Large roots, wood and litter were removed prior to sieving (2 mm). The composite samples were stored at 4°C within 48 h to analysis [NSBC, 1987] . Extractable NH 4 + was determined using the indophenol blue method, followed by colorimetric analysis. NO 3 À was determined after cadmium reduction to nitrite (NO 2 À ), followed by sulfanilamide-NAD reaction. Total N was determined with a semimicro-Kjeldahl digestion followed by NH 4 + detection [NSBC, 1987] .
Statistical Analysis
[15] All statistical analyses were performed using SPSS 12.0 (SPSS, Chicago, 2003) . Pearson rank correlation was used for determining relations between CH 4 uptake rates and soil temperature or soil moisture content. One-way ANOVA with Tukey's HSD test was used to examine the difference in soil temperature, soil moisture, and NH 4 + and NO 3 À concentrations among N treatments within the individual forest. Repeated measure ANOVA with Tukey's HSD test was used to examine the difference in CH 4 uptake rates among N treatments for annual mean rates and each month within the individual forest. Statistical significant differences were set with p-values <0.05 unless otherwise stated.
Results
Soil Temperature and Moisture
[16] Soil temperature and moisture (Figures 1a and 1b ) exhibited clear seasonal patterns in all treatment plots in the three forests. The soil was warmer and wetter from April to September (growing season) and became cooler and dryer from December to February of next year (winter season). The annual mean soil temperatures were 21.4 ± 0.7, 23.7 ± 0.7, and 23.9 ± 0.5°C for control plots in the mature, rehabilitated, and disturbed forest, respectively. The annual mean soil moisture contents were 24.9 ± 1.4, 17.2 ± 1.6, and 18.4 ± 1.5 (%, cm 3 H 2 O cm À3 soil) for control plots in the mature, rehabilitated, and disturbed forest, respectively. The averages of soil moisture content and temperature were similar between the disturbed and rehabilitated forests. The mature forest showed significantly higher soil moisture content (p < 0.05) and lower soil temperature (p < 0.05) compared with disturbed and rehabilitated forests (Figures 1a, 1b) . There was no treatment effect on soil temperature and soil moisture content in the three forests during the study period.
CH 4 Uptake in Control Plots
[17] Soil CH 4 uptake rates in the mature forest showed a distinct seasonal pattern with the highest rates observed in the fall and the lowest rates in the summer season (p < 0.05) (Figure 2a ). In the rehabilitated and disturbed forests, CH 4 uptake rates during the growing season (April to September) were higher than in the cool-dry season (November to February), however this trend was not statistically significant (Figures 2b and 2c ; Table 2 ). The annual mean rate of CH 4 uptake in the mature forest (À41.1 ± 1.8) was significantly higher than in the rehabilitated (À28.6 ± 2.2) or disturbed forest (À17.8 ± 1.6 mg CH 4 -C m À2 h À1 ) ( p < 0.05, Table 2 ). Soil CH 4 uptake rates in the three forests were positive linearly correlated with soil temperatures (Figures 3a, 3c, and 3e) . The CH 4 uptake rates in the mature forest were negative linearly correlated with soil moisture contents (p = 0.04, r 2 = 0.12, n = 32) (Figure 3b ), but no significant linearly correlated in the disturbed and rehabilitated forests (Figures 3e, 3f) .
Soil N Availability Indices
[18] The concentrations of soil NH 4 + , and NO 3 À in the mature forest were higher than in the disturbed and rehabilitated forests (p < 0.05) ( Table 3) . Nitrogen additions significantly increased contents of soil NH 4 + and NO 3 À in Medium-N and High-N plots in the mature forest (p < 0.05) (Table 3) , and in Medium-N plots in the disturbed forest relative to the control plots (p < 0.05) ( Table 3) .
Effects of N Addition on CH 4 Uptake
[19] CH 4 uptake rates in N treatment plots showed a similar seasonal pattern to that in the control plots (Figures 2a-2c ). The effects of N additions on CH 4 uptake varied depending on N addition levels and forest types (Table 2) . Repeated measure ANOVA test showed that CH 4 uptake rates in the N treatment plots in the mature forest significantly decreased (p < 0.05) following N additions relative to the control plots (Figure 2a) . The annual mean rates of CH 4 uptake were decreased by 6, 14, and 32% in the Low-N (À34.4 ± 1.8), Medium-N (À29.4 ± 2.0), and High-N plots (À23.4 ± 2.0), respectively, when compared to the control plots (À41.1 ± 1.8 mg CH 4 -C m À2 h
À1
, n = 3). The significant decreases of CH 4 uptake rates in response to N additions were observed during the spring and fall (April to May, September to November, p < 0.05, Figure 2a and Table 2 ), when soil water contents were changing from dry to wet or wet to dry season. CH 4 uptake rates were negative linearly correlated with soil NH 4 + contents (r 2 = 0.35, p = 0.044) (Figure 4a ) and soil NO 3 À contents (r 2 = 0.51, p = 0.009) (Figure 4b ) in the mature forest. In the rehabilitated and disturbed forests, however, CH 4 uptake rates showed no significant response to N addition.
Discussion
Comparisons With Other Studies
[20] Fluxes of CH 4 in the forest sites were similar to the results reported in the adjacent forests (À38.8 mg CH 4 -C m À2 h À1 ), and in the Kakamega rain forest in Africa (À56.4 ± 0.8 mg CH 4 -C m À2 h À1 [Werner et al., 2007] ). The fluxes of CH 4 uptake rates were within the range reported from other studies in temperate forests in Europe [Smith et al., 2000; Steinkamp et al., 2001; Bradford et al., 2001b; Borken et al., 2003] , and in North America [Castro et al., 2000] , but lower than fluxes reported in forest studies in Japan (À316.7 mg CH 4 -C m À2 h À1 [Ishizuka et al., 2000] ; À245.4 mg CH 4 -C m À2 h À1 [Tamai et al., 2003] ) and Russia (À208.8 mg CH 4 -C m À2 h À1 [Nakano et al., 2004] ).
CH 4 Uptake in Three Forest Land-Use Types
[21] The mature forest soil oxidized more CH 4 than that of the rehabilitated and disturbed forests. The same trend was observed by Tang et al. [2006] in the adjacent forests.
The reason for the phenomenon could be explained by forest age and the status of human disturbances. As previously reported, the mature forest has been protected from human impacts for more than 400 years [Mo et al., , 2007b Zhou et al., 2006] . The rehabilitated and disturbed forests were planted in 1930s [Mo et al., , 2003 ]. However, the disturbed forest has been under constant human pressures most of the time since it was planted (generally the harvesting of understory and litter) [Mo et al., , 2007a . Thus these forests vary both in degree of human impacts as well as stages of succession, site conditions, and species assemblages [Wang et al., 1982; Mo et al., 2003 . Priemé and Christensen [1997] and Maljanen et al. [2003] studied CH 4 uptake in different age forests in Europe. They found that the oldest stand was a sink of CH 4 , while the younger stands were small sinks or sources of CH 4 . Their findings also indicated that when the land use changes from other type to forest again, CH 4 oxidation might increase but very slowly (even need 100-200 years). The trends of CH 4 uptake in the present study also supported the previous studies, which reported that relatively higher CH 4 uptake rates in broadleaf forests Figure 3 . Relationships between CH 4 uptake rates and soil temperature (5 cm) and soil moisture content (0 -10 cm) in the control plots of the mature (a, b), rehabilitated (c, d) and disturbed (e, f) forests (n = 3).
were found than in coniferous forests [Menyailo and Hungate, 2002; Jang et al., 2006] .
Effects of Soil Temperature and Soil Moisture Content on CH 4 Uptake
[22] We found a positive correlation between CH 4 uptake rates and soil temperatures in the three forests, and a negative correlation between CH 4 uptake rates and soil moisture only in the mature forest. The results were consistent with the results found in temperate forests in Europe [Steinkamp et al., 2001; Maljanen et al., 2003] and in USA [Castro et al., 1995] , where CH 4 consumption increased when the temperature increased from À5 to 10°C, and remained relatively constant at temperatures between 10 and 20°C. De Visscher et al. [2007] suggested that the optimum temperature for CH 4 oxidation ranged from 22 to 38°C. Steinkamp et al. [2001] also reported that at low soil temperature (<10°C) conditions, temperature was a stronger modulator than soil moisture for CH 4 uptake, but soil moisture was dominant factor controlling CH 4 uptake when soil temperature was >10°C. In the mature forest, average soil temperature was 21.4°C during the study period, being around the optimum temperature for CH 4 oxidation. At the same time, the mean annual rainfall of 1729 mm has a distinct seasonal pattern, with 75% falling from March to August. Thus soil moisture was stronger than soil temperature in the effect on soil CH 4 uptake. The result was consistent with the results found in temperate and tropical forests [Steudler et al., 1996; Davidson et al., 2004] . In the rehabilitated and disturbed forests, the significant seasonal variations of CH 4 uptake rates following soil temperature or soil moisture content change were not observed, although slightly higher CH 4 uptake rates were observed in the growing season. Soil CH 4 uptake could be decreased when soil moisture content exceeds a site-specific value [Ishizuka et al., 2005] . Actually, throughout the study period, soil moisture contents in the rehabilitated and disturbed forests probably did not reach the critical values needed to affect the diffusion for CH 4 uptake.
Effect of N Addition on CH 4 Uptake
[23] In the mature forest, N additions significantly inhibited soil CH 4 uptake, and the inhibitory effects became stronger with enhanced N treatment level. In the rehabilitated and disturbed forests, however, N additions had no inhibitory effect on CH 4 uptake. The result of the mature forest was consistent with the previous findings that N addition could reduce CH 4 uptake rates in forest soils [Steudler et al., 1989; Castro et al., 1994; King and Schnell, 1994; Hütsch, 1998; Wang and Ineson, 2003; Xu and Inubushi, 2004] . Our results in the rehabilitated and disturbed forests were consist with the previous findings in N-limited temperate forests [Whalen and Reeburgh, 2000; Bradford et al., 2001a; Borken et al., 2002; Wang and Ineson, 2003] , which showed that increased N deposition would not reduce soil CH 4 uptake rates. The main explanations for the different response patterns in the three forests can be explained by the followings.
[24] First, NH 4 + and NO 3 À contents could inhibit the process of CH 4 -oxidzing . The mature forest soil has high initial soil N status Fang et al., 2006] . Nitrogen additions significantly increased soil NH 4 + and NO 3 À contents. We had measured the lowest CH 4 uptake rates in the plots with the highest NH 4 + and NO 3 À concentrations. The NH 4 + inhibition could play an important role as a regulating factor for CH 4 uptake, including a competitive inhibition of the CH 4 monooxygenase enzyme [Steudler et al., 1989; Nesbit and Breitenbeck, 1992; Hütsch, 1998 ] and a toxic inhibition by hydroxylamine (NH 2 OH) or NO 2 À produced via NH 4 + oxidation [Gulledge and Schimel, 1998 ]. The NO 3 À might have direct inhibitory effects on CH 4 -oxidzing [Reay and Nedwell, 2004; Xu and Inubushi, 2004] . Whalen and Reeburgh [2000] suggested that cations associated with NO 3 À rather than NO 3 À itself were the main factors producing the inhibitory effect on CH 4 uptake. A high level NO 3 À , or NO 2 À produced from the NO 3 À reduction in soil anaerobic microzones, is perhaps toxic to CH 4 -oxidizing microbes in forest soils . Therefore NH 4 + , NO 3 À or interactions of them were mainly contributed to the inhibitory effect on soil CH 4 uptake in the mature forest.
[25] Second, the mature forest soil has a low pH value, and N additions significantly decreased its pH value. The drop in soil pH might contribute to the decrease in CH 4 uptake rate in the mature forest. Le Mer and Roger [2001] reported that the optimal pH for CH 4 oxidizers is 5.0-6.5. Heyer and Suckow [1985] suggested that a substantial decrease in CH 4 uptake rates at a pH below 4. Bradford et al. [2001b] also observed that the drop in pH in a beech forest in the UK contributed to a decrease in soil CH 4 uptake. The drop in pH might contribute to the decrease in the rates of litter decomposition in Medium-N and High-N treatment plots in the mature forest Fang et al., 2007] , whereas N additions had no significant effect on litterfall production , implying that N addition may increase accumulation of floor litter. Litter barriers could reduce substantially the entry of atmospheric CH 4 into the soil.
[26] Third, aluminum (Al 3+ ) toxicity to CH 4 -oxidizing bacteria or nitrifiers might be another possible cause of the inhibitory effect [Nanba and King, 2000] . The mature forest soil, with a pH of 3.9, was situated in the upper region of the Al 3+ buffer range (pH 2.8-4.2 [Ulrich, 1987] ). Al 3+ was significantly released from cation exchange sites in the soil (Table 3) [Lu et al., 2008] , when the NH 4 NO 3 treatment caused soil acidification. Therefore the soil of the mature forest, with a low base status and pH, would be particularly sensitive to enhanced N deposition and any acidification might reduce the CH 4 sink strength.
[27] Last, in the rehabilitated and disturbed forests, the reason for little response of CH 4 uptake to N addition might be caused by relatively low initial soil N status resulting from previous human disturbance. Previous results showed that both disturbed and rehabilitated forests are still N-limited [Mo et al., , 2007a Fang et al., 2006; Fang et al., 2007] . It is well accepted that N-limited forest ecosystems initially retained N due to use in plant growth as well as accumulation in biomass and soil organic matter [Aber et al., 2003 ], thus plants may be the most important sinks for NH 4 + in the rehabilitated and disturbed forests. In addition, sensitivity of atmospheric CH 4 uptake in forest soils to N fertilization may relate to the position of the CH 4 oxidizing community in the soil layer [Whalen and Reeburgh, 2000] . Maximum rates of CH 4 oxidation were found 10-20 cm below the soil surface [Whalen et al., 1992] . Hence most of N additions were absorbed by plants before arriving to the active CH 4 oxidizing zone. Castaldi and Fierro [2005] found that low soil moisture content in the top 10 cm, as well as high NH 4 + concentration, did not seem to reduce methanotrophic activity, and suggested that maximal CH 4 oxidation activity might take place deeper in the soil profile. In addition, in the rehabilitated and disturbed forests, where significant soil acidification and Al 3+ increase were not observed, the mode of Al 3+ toxicity to CH 4 -oxidzing process might not react within these two forests.
Conclusions
[28] The mature forest had the highest rate of CH 4 uptake and showed significant response to N addition due to its high initial soil N availability. Both the disturbed and rehabilitated forests, with low initial soil N availability, had relatively lower rates of CH 4 uptake and showed little response to N addition. The decrease of CH 4 uptake could be attributed to the increase in soil inorganic N (NH 4 + , NO 3 À ), soil Al 3+ release and the drop in pH resulted from N addition. Our results suggest that the response of soil CH 4 uptake to N deposition in tropical forests in southern China may vary depending on the soil N status directly, and on land-use history of the forest indirectly.
